To determine if chronic heart failure (CHF) leads to functional or structural alterations of skeletal muscle, we compared intracellular Ca2' signaling, contractility, and the rate of fatigue development, together with electron microscopy (EM), in skeletal muscle preparations from rats with myocardial infarction-induced CHF versus sham-operated control rats. Bundles of 100 to 200 cells were dissected from the extensor digitorum longus (EDL) muscle of control (n= 13) and CHF (n= 19) rats and were either loaded with aequorin or fixed for EM. Muscles from CHF rats exhibited depressed tension development compared with control muscles during twitches (1.4+0.2 versus 2.8±0.7 g/mm2, P<.05) and maximal tetani (5.3+1.4 versus 10.7+2.4 g/mm2, P<.05). Depressed tension in CHF was accompanied by reduced quantitative [Ca2+]i release during twitches (0.7±0.1 versus 0.4±0.1 ,M, P<.05) and during maximal tetani (1.8±0.3 versus 0.9+0.2 ,uM, P<.05). Skeletal muscle from CHF rats also demonstrated prolonged intracellular Ca21 transients during twitches and tetani and accelerated fatigue development. EM revealed a lack of cellular atrophy in the CHF rats. In conclusion, EDL skeletal muscle from rats with CHF had intrinsic abnormalities in excitation-contraction coupling unrelated to cellular atrophy. These findings indicate that CHF is a condition accompanied by EDL skeletal muscle dysfunction. (Circulation Research 1993;73:405-412) 
C hronic heart failure (CHF) is a leading worldwide cause of morbidity and mortality that may result from a variety of etiologies, including intrinsic cardiac muscle disease, myocardial ischemia with infarction, toxic responses to drugs, and infection or inflammation. Exertional fatigue is one of the most common and debilitating symptoms experienced by patients with CHF, but its etiology remains controversial. One line of evidence supports the hypothesis that exertional fatigue is secondary to CHF itself and is the direct consequence of either decreased blood flow to skeletal muscle or primary skeletal muscle atrophy occurring in morbid individuals as a result of physical inactivity. However, these explanations have been questioned in recent years because newer techniques such as nuclear magnetic resonance and muscle biopsy have shown intrinsic cellular changes that may directly affect skeletal muscle mechanical performance through metabolic and other as yet undefined mechanisms. [1] [2] [3] [4] The purpose of the present study was to directly test the hypothesis that CHF is associated with intrinsic skeletal muscle dysfunction by comparing intracellular Ca2' (Ca2'i) signaling, twitch and tetanic tension generation, fatigue development, and cellular structure at the electron microscopic level in isolated skeletal muscle from control and CHF rats. We chose to examine the extensor digitorum longus (EDL) muscle because it is predominantly made up of the fast-twitch fiber type, although it is important to note that, in general, human skeletal muscle is of mixed fiber type. The results of the present study demonstrate intrinsic physiological changes in excitation-contraction coupling of skeletal muscles from animals with CHF that are similar to those previously identified in cardiac muscles from animals and patients with heart failure.5 Furthermore, they indicate that there may be an as yet uncharacterized factor that alters the functional properties of both cardiac and skeletal muscles, since it is well documented that many substances such as norepinephrine reach higher than normal levels in CHF patients. These findings6 provide an explanation for the accelerated fatigue development experienced by patients with CHF, as measured by both objective and symptomatic criteria, and may indicate the existence of a common factor that affects heart and skeletal muscle.
Materials and Methods CHF was induced by ligation of the left coronary artery as previously described6 in 14 rats. Ten shamoperated rats served as controls. Six weeks after surgery, rats were anesthetized with ether, and a 1-mm micromanometer-tipped catheter (Millar Instruments, Houston, Tex) was inserted into the left ventricle via the right carotid artery. The signal was passed through an electronic differentiator. After death, the heart was divided into right ventricle (RV) and left ventricle (LV) plus septum and weighed. Cardiac chamber (LV and RV) and EDL weights were normalized to body weight (BW) as indexes of cardiac or skeletal muscle hypertrophy or atrophy.
Rats were anesthetized with ether, and the EDL muscles were removed and placed in a bicarbonate buffer solution of the following composition (mM): NaCl, 118; KCl, 4.7; KH2PO4, 1.2; MgCl2, 0.6; NaHCO3, 25; glucose, 11; and CaCl2, 2.5; equilibrated with 95% 02-5% CO2 to a pH of 7.4 at 22°C. Bundles of 100 to 200 cells from control and CHF rats were carefully dissected under a microscope as previously described.7,8 At least one cell bundle was dissected from all 10 control and 14 CHF rats, but whenever possible two bundles were dissected (one from each leg). The total muscle population consisted of 13 control and 19 CHF muscles, and the mean cross-sectional areas were 0.60+0.08 mm2 (control muscles) and 0.63±0.06 mm2 (CHF muscles). At equilibrium, the length varied between 11.0 and 13.0 mm. Muscles were vertically mounted on a stainless-steel clamp in a bath containing the same bathing solution (22°C) and attached to a Statham UC2 transducer (Gould, Inc, Cleveland, Ohio) for isometric tension recordings. Muscles were stimulated to contract with square-wave pulses of 0.5-millisecond duration via field electrodes at the base of the muscle and subsequently stretched to the apex of the length-tension curve. The geometrical arrangement of the field electrodes was such that current passed through all of the fibers during electrical stimulation. The stimulating current was 1.5 times the minimum voltage necessary for activation of all the cells. The initial tension value before aequorin loading was considered to be the "before loading" reference value; this stimulation current produced no artifact in the light signals. Aequorin was macroinjected into 9 control and 15 CHF muscles using a recently developed procedure. 8 Briefly, stimulation was stopped, and muscles were subjected to a [Ca2,]0 of 1.9 mM for~5 minutes. This was the lowest [Ca 2+]1 used during the loading procedure. The aequorin was prepared in a loading solution containing (mM) NaCl, 154; KCl, 155.4; MgC12, 1.0; HEPES, 17; glucose, 11; and EDTA, 0.1; with 1 mg aequorin (pH 7.4). Between 3 to 6 ,uL of this aequorin solution was loaded into short-shank glass micropipettes pulled on a Flaming-Brown pipette puller (resistance, 1 to 4 Mfl when filled with 3 M KCl). The muscle holder securing the bundle was briefly raised from the bath into the air, the connective tissue sheath was penetrated with the micropipette, and the solution was injected into the interstitial space. This procedure required approximately 30 seconds or less. After this, bundles were lowered into the bath containing 1.9 mM [Ca2']0. Fifteen minutes later, [Ca2+]0 was returned to 2.5 mM, and muscles were allowed to equilibrate for 20 minutes and then stimulated by following the same stimulation conditions as before the loading of aequorin. Tension recorded after loading was compared with tension recorded before loading to compare tension recovery and to confirm a lack of damage to cells during the loading procedure. Tension recovery after loading was between 80% and 100%, as previously noted,8 indicating a lack of significant damage to muscle fibers. Light was recorded as anode current from a photomultiplier tube (9635qA, Thorn-EMI Inc, Fairfield, NJ). Resting [Ca21]i and peak [Ca 2+]i were calculated using the method of fractional luminescence. 8 9 The fractional luminescence procedure was performed at the end of the experiment and was accomplished by exposing the muscle to a solution containing 5% Triton X-100 in 50 mM CaCl2 at 22°C to lyse the cell membranes and quantify the total amount of aequorin in the cells. This allows the estimation of light intensity (Lmax) that would be recorded under the conditions of the experiment if all of the aequorin were instantly exposed to a saturating Ca21 concentration. To calculate L,aX, the area encompassed by the light signal during Triton X-100 exposure was measured and multiplied by the rate constant for aequorin consumption in the presence of saturating Ca21 (1.10 s-1). The determination of the rate constant was performed at 22°C after preincubation with 1 mM Mg. This L/Lmax ratio was converted to a quantitative [Ca 2]i using an in vitro calibration curve. Fatigue was induced by repetitive cyclic electric stimulation. Each cycle consisted of a train of electric shocks delivered at 75 Hz for 2 seconds and repeated every 3 seconds.7"10 To compare different curves of fatigue development from different preparations, we have used a fatigue index" at different times of stimulation by taking the ratio of maximum tetanic tension produced during the 3rd, 6th, 9th, 12th, and 15th tetanus to the tension output in the 1st tetanus, ie, Tn/T1. For the purpose of Table 3 , fatigue was defined as the time required to produce a 50% reduction in tension. We corrected for the consumption of aequorin during an experiment by integrating the area of the light signal and adding it to the denominator in tion remains approximately normal during development of fatigue; therefore, the amount of Mg2+ displaced from ATP may not be an important factor in altering the aequorin Ca2 i measurements. Additional studies will be required to resolve this interesting and potentially important point.
For electron microscopy, bundles of muscle fibers from four control and four CHF rats were fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.3, postfixed to 2% Os04, stained en bloc with saturated uranyl acetate, and embedded in Epon 812. Sections were stained with uranyl acetate and lead. Thirty-two fibers from four control rats and 39 fibers from four CHF rats were observed in cross section under the electron microscope. 
Results
As shown in Table 1 , rats with large myocardial infarctions developed significant RV hypertrophy (increased RV/BW) as a consequence of severe LV dysfunction. There were marked abnormalities of LV systolic (mean arterial pressure, LV systolic pressure, and +dP/dt) and diastolic (LV end-diastolic pressure and -dP/dt) function in the rats with infarctions, indicating CHF ( Table 1 ). The EDL/BW ratio showed that there was no difference in EDL weight normalized for BW between control rats and the rats with CHF (Table 1) .
Twitch and tetanic tension were reduced in CHF skeletal muscle compared with control muscle under baseline conditions (Figs 1 and 2 ) and at all stimulation frequencies (Figs 3 and 4 , Tables 2 and 3 ). These changes were accompanied by a decreased quantitative peak Ca2'i signal (Figs 2 and 3 , Table 3 ). The time courses of twitches, tetani, and their corresponding Ca2'i signals were prolonged in CHF skeletal muscles (Fig 1) . In the tetani, the Ca2'i signal prolongation was in part the result of a prolonged tail after the stimulation (Fig 2) . This prolongation was present in all the experiments done with muscles from CHF animals. Resting interval between twitches or tetani was the same in control and CHF muscles ( Table 2) .
As stated in the introduction, exertional fatigue is one of the characteristic symptoms of CHF. Therefore, we decided to study some of the characteristics of fatigue development in muscles from rats with CHF. A representative experimental tracing is shown in Graph showing the effects of increasing stimulation frequency on tension development normalized for crosssectional area in muscles from the extensor digitorum longus muscle from control rats and rats with chronic heart failure (CHF). Frequency was increased until maximal tetanic tension began to decrease. formed in control preparations and in muscles from CHF rats is summarized in Fig 6. The fatigue indexes are clearly smaller for muscles from CHF animals than for the control animals. As is well known,10,20,21 the rate at which tension decays during development of fatigue changes continuously, from faster at the beginning to slower, as fatigue develops. The same phenomenon can be observed here for both preparations. It can also be seen from Fig 6 that the fatigue index decreases faster at all times in preparations from CHF than from control experiments. Therefore, we have divided the development of fatigue into five distinct segments with slopes M1 to M5 according to the corresponding fatigue indexes. Table 4 summarizes the results obtained from all the experiments done with control preparations and bundles from CHF animals. It is clear that at all times the slope of CHF preparations is higher than the corresponding control slope and that, except for M1, the differences in slope of fatigue indexes between the two 36 .7±4.9 131±2.6* CHF, rats with chronic heart failure; T80%T and T80%L, time to 80% decline from peak tension and light, respectively, during 75 Hz tetanic stimulation; PT, peak isometric tension. Fatigue was defined as the time required to produce a 50% reduction in tension (PT50%) and [Ca2+]i ([Ca21] 50%).
[Ca2+]0 was 2.5 mM at 22°C. groups increases as fatigue develops. CHF muscles developed fatigue much more rapidly than did control muscles, as indicated by the shorter time to 50% tension decline (Table 3 ). This accelerated development of mechanical fatigue was accompanied by an accelerated decline of Ca2'i ( Fig 5, Table 2 ). Cross sections were examined under the electron microscope to determine if atrophy was present. None of the obvious structural signs of atrophy, such as a decrease in size of the myofibrils and/or disorder of the peripheral myofibrils, widening of the intermyofibrillar spaces, or a high incidence of lysosomes, was present in the CHF rats (Fig 7) . In control fibers, the SR formed an orderly arrangement in two layers at the level of the I band and a single layer opposite the A band; triads were at the A-I junction, and there were no longitudinally arranged T-SR junctions. In a few (approximately 20%) cross-sectional profiles of fibers from CHF rats, we found a variable amount of swelling and vacuolization of the I-band level SR. However, since some incidence of this alteration was also found in fibers from normal rats, we conclude that it was probably due to minor damage during dissection of the bundles.
Discussion
The amplitude and time course of the skeletal muscle twitch and tetanus primarily depend on the release and reuptake of Ca2'i by the SR and actomyosin interaction.22-25 The decreased amplitude and prolonged time courses of the Ca2 i signals during twitches and tetani clearly indicate that function of the SR is abnormal in the CHF skeletal muscles. Corresponding alterations of the cardiac muscle twitch and Ca2 i transient have been documented in CHF.26 These Ca2 i signaling changes in both skeletal and cardiac muscles may be the result of similar alterations in the release and/or reuptake of Ca2' by the SR of both types of striated muscles, such as might occur via decreased activity of the Ca2+-ATPases cardiac muscle and could be related to abnormally high production of a circulating factor, such as a hormone. When compared with control muscles, CHF muscles exhibited accelerated fatigue development accompanied by accelerated depression of peak Ca2'i ( Fig 5 , Table 2 ). Development of fatigue was associated with an initial rise in both peak and resting Ca2', followed by a parallel decrease in the peak Ca2 i in both the control and CHF skeletal muscles (Fig 5) , although initial tension of CHF muscles declined to 50% of peak in about half as much time as required for control muscles.
These results are similar to those of Westerblad and Allen29 in normal single mouse skeletal cells. There are two main theories regarding the cellular mechanism of fatigue: (1) It is caused by an alteration of pHi or of the during which the slopes were calculated as shown in Table 4 . Each point shows the mean +SEM value. ATPase system (metabolic proposition), ie, a decrease in the force-generating capacity. 30,31 (2) It is caused by a failure of one or more of the links in the chain of events that couple excitation with contraction (excitation-contraction coupling proposition),32 leading to a decreased amount of Ca2' release from the SR.71033 Although metabolic changes may play a role in the development of fatigue, recent studies indicate that the decline in Ca2' release,15'20,29'33-39which is accompanied with myofibril inactivation7 especially during the fast decay of tension development, may be a predominant factor in the development of fatigue. The excitation-contraction coupling mechanism that causes fatigue is as yet unknown. Fatigued muscles have been shown to have a swollen T system10'36; thus, the action potential may not uniformly travel along the T system,20 and/or the signal between the T-system membranes and the terminal cisternae of the SR may be altered.7 However, recent reports, including one in mammalian myocardium,39 indicate that the tubular action potential might not be altered15 and that the vacuoles observed during fatigue may be caused by swollen mitochondria.37 It has also been reported that myoplasmic [Mg2+] increases during fatigue,14"5 which may be a consequence of conversion of ATP to IMP.13
An increase in myoplasmic [Mg2`] promotes Ca2+ uptake by the SR38 and inhibits Ca2' release from the preparations from CHF animals with the slope Mm. The minus sign indicates a fractional increase; M, through M5, slope numbers between the cycles of stimulation as shown in Fig 6. terminal cisternae.21 Any of the above-mentioned alterations could lead to the observed reduction in Ca2+ release from the terminal cisternae.710,3540 Therefore, the number of myofibrils activated would decrease during prolonged repetitive stimulation,7 which may be manifested as a rapid decrease of tension (ie, fatigue). This effect could be exacerbated in the CHF muscles, where tension and Ca2'i are lower than in control muscles at baseline before fatigue. Our [Ca2+]i data indicate an association between the decline in Ca2+, and accelerated fatigue development in the CHF muscles. During fatigue development, other factors such as myofilament Ca2' desensitization due to increased anaerobic metabolism20 with subsequent metabolic byproduct accumulation may play a minor role, as discussed above; however, our data indicate that fatigue development is associated with a depression in Ca2+, and this effect is greatly exacerbated in the CHF rats.
When extrapolating our results from multicellular (100 to 200 cells) muscle preparations to the single-cell level, it is important to consider factors such as hypoxia, which could make this extrapolation problematic. However, experiments done with whole EDL muscles41 or other types of mammalian muscles having similar sizes to the ones used in the experiments reported here42'43 have been used for prolonged experiments without showing signs of hypoxia. We have shown previously that, with this type of preparation, experiments can be performed for several hours, during which time many twitches and tetanic stimulations are produced and are reproducible.8 The tension does not decrease substantially during the course of the experiments and recovers to the original values. Therefore, we do not believe that errors caused by hypoxia could have played a role in the results described here. In addition, it is important to remember that we are comparing control and CHF muscles of the same size, so it seems unlikely that the size of our bundles is contributing to the differential results obtained from control and CHF muscles.
Atrophy of the muscle cells could have developed during CHF due to lack of exercise (disuse atrophy); however, electron microscopy revealed none of the obvious signs of atrophy, such as a decrease in size of the myofibrils and/or disorder of the peripheral myofilaments, widening of the intermyofibrillar spaces, or a . There was no obvious structural difference between control and CHF fibers. The disposition and structure of myofibrils were identical in fibers from control and CHF rats. There was no disarrangement of thin and thickfilaments either at the center or at the periphery of the myofibrils. The intermyofibrillar spaces were narrow in both cases. The sarcoplasmic reticulum was regularly arranged in a double layer between the myofibrils at the I-band level and in a single layer at the A-band level (not shown). Original magnification x20 400. high incidence of lysosomes in the CHF fibers (Fig 7) . In general, the fibers from CHF rats were indistinguishable from those of control rats at a qualitative level, and we conclude that atrophy of the CHF muscle cells was not a factor responsible for the decrease in tension production and Ca>i release.
In the absence of cellular atrophy, EDL skeletal muscles from rats with CHF had intrinsic abnormalities of excitation-contraction coupling, including (1) prolonged contraction and Ca>i signals, (2) depressed contractility over the entire force-frequency relation,
(3) reduced [Ca2]j, and (4) accelerated fatigue development. We conclude that intrinsic skeletal muscle dysfunction is a primary factor responsible for fatigue, as measured by both objective and symptomatic criteria, and that skeletal muscle abnormalities could represent a generalized maladaptive response of striated muscle to CHF. 44 
